We have studied the pressure-induced physical and chemical transformations of tetracyanoethylene (TCNE or C 6 N 4 ) in diamond anvil cells using micro-Raman spectroscopy, laser-heating, emission spectroscopy, and synchrotron x-ray diffraction. The results indicate that TCNE in a quasihydrostatic condition undergoes a shear-induced phase transition at 10 GPa and then a chemical change to two-dimensional (2D) C=N polymers above 14 GPa. These phase and chemical transformations depend strongly on the state of stress in the sample and occur sluggishly in non-hydrostatic conditions over a large pressure range between 7 and 14 GPa. The x-ray diffraction data indicate that the phase transition occurs isostructurally within the monoclinic structure (P2 1 /c) without any apparent volume discontinuity and the C=N polymer is highly disordered but remains stable to 60 GPa-the maximum pressure studied. On the other hand, laser-heating of the C=N polymer above 25 GPa further converts to a theoretically predicted 3D C-N network structure, evident from an emergence of new Raman ν s (C-N) at 1404 cm −1 at 25 GPa and the visual appearance of translucent solid. The C-N product is, however, unstable upon pressure unloading below 10 GPa, resulting in a grayish powder that can be considered as nano-diamonds with high-nitrogen content at ambient pressure. The C-N product shows a strong emission line centered at 640 nm at 30 GPa, which linearly shifts toward shorter wavelength at the rate of −1.38 nm/GPa. We conjecture that the observed red shift upon unloading pressure is due to increase of defects in the C-N product and thereby weakening of C-N bonds.
I. INTRODUCTION
Tetracyanoethylene (TCNE) exhibits unusual phase and chemical behaviors at high pressure. It has been observed in two distinguishable structures at ambient condition, cubic (Im3) and monoclinic (P2 1 /n). 1 Interestingly, these two polymorphs follow different phase transitions under high pressure. [1] [2] [3] Based on free energy minimization calculation, 4 these structures are nearly the same potential energy and thus coexist at ambient condition. The monoclinic structure has higher vibrational entropy, such that it is expected to be stable at higher temperature. This is consistent with the observed temperature-induced cubic-to-monoclinic phase transition at 318 K. 5 The cubic structure, on the other hand, is denser (5%) than the monoclinic structure; therefore, it should be more stable at high pressure. However, the monoclinic-to-cubic phase transition has not been observed in the Raman, infrared, xray diffraction, and neutron diffraction studies. [1] [2] [3] 6 Instead, the monoclinic phase transforms to an intermediate phase of amorphous solid above 5 GPa, and the cubic phase is produced when the intermediate phase is unloaded from 6 GPa to ∼2.1 GPa. The presence of the intermediate phase was signified by the loss of all sharp diffraction patterns above 5 GPa. Note that the previous experiments were performed a) Present address: Lawrence Livermore National Laboratory, Livermore, California 94551, USA. b) Author to whom correspondence should be addressed. Electronic mail:
csyoo@wsu.edu.
using TCNE samples with no pressure medium. As such, it is not known if the path-dependent and sluggish transition of TCNE under pressure is due to non-hydrostaticity of the sample. In addition to the above-mentioned phase changes, TCNE undergoes chemical changes at 14 GPa for the cubic phase and 7 GPa for the monoclinic phase. 1 These transitions are associated with a gradual loss of transparency and sharp Raman features of TCNE, attributed to the formation of an amorphous polymer with random cross-linked TCNE. A similar pressure-induced polymerization has been observed previously in other cyanide compounds such as NaCN, HCN, and C 2 N 2 . [7] [8] [9] [10] [11] These transitions are also accompanied with the color change to near opaque and the loss of sharp internal and external vibrational modes. The products typically develop a broad Raman band at ∼1600 cm −1 , indicating the formation of C=N bonds. Therefore, these transformations have been interpreted in terms of the pressure-induced polymerization via breaking C≡N bonds and forming interlinked C=N bonds in a graphite-like two-dimensional (2D) layer structure. 2, 7, 11 Since the previous theoretical predictions of stable 3D network structures made of C-N single bonds that may be harder than diamond, 12, 13 there have been a large number of experimental efforts to synthesize superhard carbonnitrogen compounds. Yet, there has not been an unambiguous demonstration of the presence of such a compound in bulk at any pressure conditions. Of those efforts, various cyanide compounds including TCNE have been subjected to 0021-9606/2013/138(9)/094506/10/$30.00
© 2013 American Institute of Physics 138, 094506-1 high pressures, [7] [8] [9] [10] but the results have typically been the formation of a black amorphous C=N solid, not a transparent singly bonded C-N 3D network. Laser-heating experiments of TCNE thin films or amorphous carbon aerogel at high pressures, on the other hand, have produced some transparent products that can be considered as sp 3 -bonded CN materials or nitrogen containing nano-diamonds. 14, 15 The objectives of the present study are two folds: (i) to understand the pressure-induced phase transition and (ii) to produce singly bonded CN polymer at high pressures. To gain insights into the origin of the previously observed sluggish, path-dependent nature of transitions, we have performed the experiments in non-hydrostatic and quasi-hydrostatic conditions, using Raman spectroscopy and synchrotron x-ray diffraction. We have used laser-heating techniques to produce a transparent C-N product at 30 GPa that exhibits the ν s (C-N) Raman peak at 1419 cm −1 and interesting laserinduced luminescence at 691 nm at ambient condition.
II. EXPERIMENTAL METHODS
Powdered TCNE (98%, Sigma Aldrich) was used without further purification in a diamond anvil cell (DAC). Raman spectra of TCNE were collected in both quasi-hydrostatic and non-hydrostatic conditions. For quasi-hydrostatic experiments, a small granule of TCNE was loaded into a 115-150 μm hole of a pre-indented rhenium gasket along with a small ruby chip for pressure determination. The DAC with 300 or 500 μm flat culet type-Ia low fluorescence diamond anvils was closed and immersed into a liquid nitrogen bath. The DAC was opened slightly allowing the liquid nitrogen to fill the sample chamber cavity and subsequently closed. For non-hydrostatic experiments, TCNE powders were packed into a 115-150 μm hole drilled on a pre-indented rhenium gasket. A small ruby chip was also placed on the face of the opposing diamond and the DAC was closed.
In order to prevent heat leak through the diamond anvils, alumina powder was used as a heat insulator in some samples for laser-heating studies. Alumina powder was loaded into the sample chamber and pressed between two diamonds. This process was repeated until the alumina was compact. A hole was created in the alumina and a flake of sample was loaded into it. Alumina powder was then placed on the sample covering it to insulate it from the diamond face and to fill the remaining space in the sample chamber. A small ruby chip was placed on the opposing diamond and the DAC was closed. This procedure results in a highly non-hydrostatic sample of TCNE in Al 2 O 3 .
The sample pressure was measured by the R 1 ruby luminescence according to a quasi-hydrostatic ruby pressure scale. 16 Raman spectra for all samples were measured in a backscattering geometry using a confocal micro-Raman system with a 514.5 nm Ar + ion laser (Spectra Physics) and a spectrometer (Princeton Instruments Spectra Pro 2500i) with ∼0.8 cm −1 spectral resolution. Samples were pressurized to 25 or 60 GPa with small pressure increments for Raman measurements and laser heated with 1070 nm (IPG Photonics) IR laser for a period of several seconds to one minute. During heating TCNE emits strong incandescent light, which produces a small transparent area at the heating spot of the sample. Several laser heatings were performed on each sample creating multiple clear spots. Post laser heated samples were slowly de-pressurized with continued Raman measurements on both the laser heated and non-laser heated area. Because of small size (<5 μm) and strong diamond Raman, obtaining Raman signals from the clear laser-heated regions was not trivial even using our custom-built confocal micro-Raman spectrometer.
X-ray diffraction pattern of the initial TCNE sample at ambient pressure was taken using an in-house x-ray diffractometer (PANalytical X'Pert PRO MPD) using a monochromatic x-ray source (λ = 1.54 Å from Cu Kα). High-pressure x-ray data (2D images) of the sample in DAC were obtained at the HPCAT beamline of the Advanced Photon Source (APS) using focused (∼0.01-0.02 mm) monochromatic x-rays (λ = 0.402 Å) with a high-resolution image plate detector (MAR345). We then obtain angle dispersive x-ray diffraction (ADXD) patterns by integrating 2D x-ray diffraction images of concentric Debye-Scherrer's rings using the FIT2D program. 17 The ADXD data was then analyzed using XRDA, DICVOL, and GSAS programs 18, 19 to obtain the structural information.
III. RESULTS AND DISCUSSIONS

A. Raman spectroscopy of TCNE in non-and quasi-hydrostatic pressures
There are twenty-four normal modes in a free TCNE molecule: twelve Raman-active ( R = 5A g + 1B g + 2B 2g + 4B 3g ), eleven infrared-active ( IR = 4B 1u + 4B 2u + 3B 3u ), and one inactive Inactive = 1A u ) modes. In the crystal field of cubic phase (Im3, Z = 6), the twelve Raman-active modes split into forty-eight, distributed into thirty-nine internal ( R int = 5A g + 5E g + 8F g ) and nine external ( R ext = 3F g ) modes; whereas, in monoclinic phase (P2 1 /n, Z = 2) into thirty Raman-active modes of twenty-four internal (
) and six external (
Of those Raman active, we were able to resolve ∼15-18 modes depending on the pressures, as illustrated in Fig. 1 . Those observed include eleven out of twelve Raman-active normal modes as summarized in Table I : (i) the deformation (scissor, rock, wag) modes of (NC)-C-(CN), ν d (C-C-C), below 300 cm −1 , (ii) the out-of-plane C-C≡N bending mode, ν b (C-C≡N), at ∼650 cm −1 , and (iii) several stretching modes of ν s (C-C) at ∼1280 cm −1 , ν s (C=C) at ∼1500-1700 cm −1 and ν s (C≡N) at ∼2200-2300 cm −1 . The only mode absent of twelve Raman-active normal modes is an in-plane ν b (C-C≡N) bending (B 3g ) in the region of 400-500 cm −1 . The pressure-induced spectral changes of TCNE show a strong dependence on the stress condition of the sample, as illustrated in Fig. 2 . Figure 2 Intensity (arb. units)
) 1600 2200 2400 shift surpassing the torsional deformation mode ν t (C=C) at ∼113 cm −1 . The rock and wag C-C≡N deformation modes are nearly degenerated at ∼260 cm −1 split at 3 GPa. All of these low-frequency modes (below ∼300 cm −1 ) begin to lose intensity after 6 GPa with the weaker intensity peaks being lost completely at 12 GPa. The C=C stretching mode at 1580 cm −1 becomes extremely weak at the same pressure region of ∼12 GPa. Note that there are several weak features in the red tail of the C=C stretching mode, which rapidly lose the intensities above 4 GPa. The C≡N stretching modes at 2238 and 2251 cm −1 are more intense at lower pressures and slowly decrease in intensity as the pressure is increased. The higher frequency peak is more intense at 2 GPa, but by 8 GPa the lower frequency peak is more intense. This trend is again reversed at 10 GPa. Above 8 GPa the sample becomes quite sensitive to incident radiation in non-hydrostatic conditions. As seen in the spectrum the intensities of both the internal and external modes begin to rapidly lose relative intensity. The sample originally light brown in color gradually turns into black when the pressure approaches the transition pressure. At 10 GPa inhomogeneous black regions were formed when exposed to laser radiation for short periods. From these black spots Raman signal was lost completely. Under extremely weak laser power, Raman signal was able to be collected at 12 GPa with diminished intensity. At 14 GPa the sample becomes completely black irreversibly, and all Raman signal is subsequently lost irreversibly as well. Figure 2 (b) shows the pressure-dependent Raman spectra changes of TCNE in a quasi-hydrostatic condition using nitrogen as a pressure medium. Similarly to the non-hydrostatic sample, all observed Raman peaks but the ν b (C-C≡N) at 677 cm −1 shifts to higher frequencies with increasing pressure. The external mode at 100 cm −1 shifts relatively faster and moves into the ν t (C=C) at 113 cm −1 , as it does in the non-hydrostatic sample. As it does with the non-hydrostatic sample the mode at 255 cm −1 splits at 2 GPa. Importantly, all observable modes show a considerable increase in intensity as the pressure is increased-unlike to the non-hydrostatic sample. Yet, the relative intensity of low-frequency modes below 300 cm −1 is weaker in the hydrostatic condition than in the non-hydrostatic condition.
The C=C stretching at 1588 cm −1 again shows a strong pressure dependence and an asymmetrical spectral shape with several weak features at 1540, 1555, and 1580 cm −1 -all in the red tail of the band. The intensity and resolution of the C=C stretching mode is still quite good at 12 GPa to show no splitting, although the weak features in the red tail disappear above 3 GPa. The C≡N stretching modes at 2239 and 2252 cm −1 gradually increase their intensities, as pressure increases. The relative intensity of the two peaks remains quite even while increasing pressure except at 9.8 GPa where the lower frequency peak takes on an asymmetrical shape and is of lower intensity than the higher frequency peak. At 10.9 GPa however the intensity of the two peaks become once again approximately the same. Importantly, note that there is a subtle increase in the separation of the two peaks above 10 GPa. All resolvable Raman modes had strong intensity at 13 GPa. At 14 GPa the sample turns black irreversibly and the Raman signal was also lost irreversibly. Figure 3 shows the pressure dependence of TCNE mode frequencies in hydrostatic (open circles) and non-hydrostatic (solid circles) conditions. The pressure-dependences of Raman spectra were previously reported for cubic and monoclinic phases of TCNE in non-hydrostatic conditions. 1 In comparison, the present Raman spectra are not perfectly consistent with either of the previous data, but appear to resemble more closely that of the previous monoclinic phase. Especially, the present data shows several low-frequency peaks at ∼150-230 cm −1 in both the hydrostatic and non-hydrostatic samples. The presence of these peaks seems to signify the monoclinic phase. The present x-ray data also supports the monoclinic structure, which will be discussed later. Nevertheless, it is entirely possible that the present (or previous) sample may contain a small amount of the cubic phase. Note that the previous monoclinic phase showed a gradual decrease in Raman intensity above 4 GPa, whereas the present data show that the intensity of both internal and external modes are well maintained to 13-15 GPa-as long as the sample is compressed in quasi-hydrostatic conditions.
Several aspects of the pressure-dependent Raman spectral changes indicate the presence of a new phase transition at ∼9-12 GPa: (i) there is a small drop in the peak position of the low-frequency ν s (C≡N) from 2293 to 2289 cm −1 , whereas that of the high-frequency ν s (C≡N) mode continuously increases with increasing pressure, as illustrated in Fig. 4 . In fact, the unusual line shape appears at 9.8 GPa in Fig. 2(b) is likely due to the coexistence of two lowfrequency peaks in a mixed phase region. reactivity especially in the non-hydrostatic condition above 8-9 GPa. Interestingly, the transition seems to occur at the exactly same v s (C≡N) frequency, but at slightly different pressures between 10 and 12 GPa even in quasi-hydrostatic samples (see Fig. 4(b) ), again signifying strong stress dependence. In fact, the Raman frequencies for the non-hydrostatic data are slightly lower than that of the hydrostatic data, again, except the ν b (C-C≡N) mode showing exactly the opposite as it should be. This can be attributed to an inhomogeneous pressure within the non-hydrostatic sample, which effectively lowers the pressure or the Raman peak positions, as well as the reaction threshold pressure.
B. Laser heating of TCNE at high pressure
The irreversible spectral and optical changes under pressure (Fig. 5) indicate that TCNE undergoes a chemical change to an amorphous polymeric phase above ∼8 GPa in nonhydrostatic conditions (Fig. 5(a) ), but at ∼15 GPa in quasihydrostatic conditions (Fig. 5(b) at ∼1585 cm −1 are lost and the sample becomes opaque. The peak at ∼1585 cm −1 corresponding to the C=N stretching mode in highly conjugated 2D C=N layers [7] [8] [9] [10] [11] gains the intensity, as the C=C stretching mode in TCNE is lost and the sample polymerizes. Interestingly, the polymerization occurs rather continuously or sluggishly over a large pressure region 
FIG. 5. Pressure induced chemical reactions of TCNE, evident in
(a) the Raman spectral changes above 7-8 GPa in non-hydrostatic conditions and (b) the visual appearance change in quasi-hydrostatic nitrogen above 14 GPa. Note in (a-bottom) that, above 7 GPa, a broad feature centered at ∼1600 cm −1 emerges, while the sharp ν s (C=C) mode disappears. The Raman spectrum of TCNE taken at 14 GPa after laser heating at ∼30 GPa (atop) shows a small shoulder on the blue tail of diamond Raman line, yet the substantially reduced ν s (C=N) band.
between 8 GPa and 14 GPa in non-hydrostatic conditions, whereas it occurs abruptly in quasi-hydrostatic conditions at pressures between 14 and 16 GPa depending on the sample. These results seem to signify two facts: (i) the polymerization occurs from the high-pressure phase of TCNE and (ii) the reactivity of the phase is substantially higher in non-hydrostatic conditions. A similar chemical reaction, however, can occur photochemically in non-hydrostatic conditions, causing the sample to form dark products under strong laser light even in the low-pressure phase. Upon further compression above 25 GPa, the ν s (C=N) peak continues to get weaker and broaden and no new peak appears to 60 GPa, This indicates that the C=N polymer becomes highly disordered but stable to 60 GPa-the maximum pressure applied in the present study. Note that this is well into the stability field of the predicted C-N network structure. 13, 14 Therefore, it seems likely that a large activation energy is associated in converting 2D C=N polymers to 3D network structures.
In order to overcome the energetic barrier to form novel carbon nitride, we employed the laser heating technique using a 1070 nm IR laser. Upon laser heating of TCNE above 25 GPa, we found a small clear spot at the center of the laser heating spot. However, it was difficult to obtain the Raman spectrum from the laser-heated area, either due to the small heating spot size or because the expected ν s (C-N) peak overlaps with strong diamond Raman lines. Nevertheless, upon pressure unloading, a small peak was recovered at ∼1400 cm −1 on the shoulder of the diamond Raman line, as shown at the top panel in Fig. 5(a) . Note that diamondlike carbon nitrides should be optical transparent 14 and have a strong Raman ν s (C-N) peak at ∼1377 cm −1 , 20 as observed in this study at the blue edge of the strong diamond Raman band. Hence, the observed peak seems to indicate the formation of a C-N network structure such as C 3 N 4 with sp 3 bonding present. Having produced C 3 N 4 , the observed chemical change can be described as C 6 N 4 → C3N4 + 3C. The presence of carbon-most likely diamond or highly disordered sp 3 carbons, on the other hand, would be difficult to determine in the present experiments because of large diamond anvils used in the cell. Figure 6 plots the pressure dependence of the ν s (C-N) (blue symbols and blue line) upon pressure unloading, in comparison with the ν s (C-C) of diamond (red line) and nanocrystalline diamonds produced by laser heating of carbon aerogel at high pressures. 15 Note that the ν s (C-N) and the ν s (C-C) of pure diamond follow a similar pressure dependence above 10 GPa (∼2.4 cm −1 /GPa). The ν s (C-C) of nanodiamond, on the other hand, exhibits a slightly greater pressure shift of 2.8 cm −1 /GPa, but the peak position remains below the ν s (C-N) in the present study. Below 10 GPa, both the present ν s (C-N) and the previous ν s (C-C) were no longer visible, probably buried by the intense diamond Raman peak. Interestingly, a broad peak centered at 1317 cm −1 reappeared, when the DAC was opened (Fig. 7) and the sample was recovered as grey powders (Fig. 7 inset) .
The previous calculations [12] [13] [14] suggest that the β-C 3 N 4 structure is that of buckled layers stacked in an AAA sequence with a hexagonal unit cell. The unit cell contains two formula units with a total of 14 atoms. Unlike a carbon diamond, with complete tetrahedral bonding, the carbon atoms occupy slightly distorted tetrahedral sites with the nitrogen atoms in nearly planar triply coordinated sites. This atomic coordination suggests sp 3 hybrids on the carbon atoms and sp 2 hybrids on the nitrogen atoms. 12 The non-tetrahedral coordination of the nitrogen and the distortion of the tetrahedral sites of the carbon could result in a stretching frequency that is greater than that of carbon diamond, as observed in Fig. 6 as well as in the previous study. 20 Note that the ν s (C-N) peak is always found at higher frequency than the ν s (C-C) of either bulk or nano-diamonds above 10 GPa, but the recovered sample shows the broad peak at lower frequency than the ν s (C-C) of diamonds at ambient pressure. peak of the recovered sample is slightly asymmetrical, broadened, and pressure-downshifted from the bulk diamond line by 17 cm −1 (see Fig. 7 ). These spectral characteristics are quite analogous to those of nano-diamonds. 21 On the other hand, if this peak corresponds to the same ν s (C-N) polymer peak, it undergoes a drastic shift in frequency from 10 GPa to ambient conditions. This is highly unlikely without a drastic structural and/or chemical change. Thus, the new peak, which is characteristic of the formation of nm-sized diamond clusters, may indicate that the C-N polymer becomes unstable at low pressure and decomposes to nano-diamonds upon releasing the pressure.
C. Laser-induced photoluminescence of laser-heated TCNE
Interestingly, the laser-heated TCNE (or C-N polymer) exhibits strong laser-induced photoluminescence (PL) in the spectral region of 500 nm to 800 nm, as shown in Fig. 8 . The spectral characteristic is remarkably similar to that of nitrogen-doped diamond thin films, 15, 22, 23 especially of the recovered sample at ambient pressure in Fig. 8(b) . The similarity includes (i) the broad band centered at 690 nm, which can be consider as the 3 A-3 E transition of the C-N lattice 24, 25 and (ii) the relatively sharp but weak features at 641 and 612 nm at ambient pressure, which can be considered as interband transitions of nitrogen point defects and defect clusters such as the zero vibrational line of negatively charged nitrogen vacancy (N-V) − and its satellites. 26 The spectral characteristic of the PL at high pressure in Fig. 8(a) is, however, quite different from that of nitrogen-doped diamond thin films or nanodiamonds. For example, the center of the broad band shifts up in energy as pressure increases (see Fig. 9 ). This is quite the opposite to an anticipated red shift of nitrogen-doped nanodiamonds based on the quantum confinement. The PL of nitrogen-doped nanodiamonds was found to shift down in energy, as the particle size (or the width of the quantum well) increases; it shifts from 640 nm for 5 nm particles to 680 nm for 500 nm particles. 26 Increasing pressure will certainly increase the particle size, converting nanoparticles eventually to a bulk. The observed blue shift is also contrary to a more common pressure-induced red shift of emission lines in ion impurity doped crystals such as ruby (Cr 3+ :Al 2 O 3 ) and Mn 2+ : ZnS. 27 As the pressure increases the energy gap between the excited and ground states decreases, thereby, causing a decrease in the energy of the emission line. In addition, the PL at high pressure ( Fig. 8(a) ) shows no apparent defect-originated peaks. It instead gets substantially broadened especially toward the low wavelength region between 550 nm and 600 nm. This is, again, contrary to that of nanoparticles, which decreases the bandwidth as the particle size increases (thus, as the pressure increases). 26 Therefore, it seems evident that the origin of the PL observed in the laser-heated TCNE is different, at least at high pressures, from that of nitrogen-doped diamond thin films or nanodiamonds.
It is generally considered that the PL of nitrogen-doped diamond film or nanodiamond originated from the geminate radiative recombination of the electron-hole pairs confined to the π states of sp 2 hybridized clusters in largely sp 3 lattice. 28, 29 Similarly, one can consider the PL of laser-heated TCNE at high pressure is originated from the sp 2 hybridized C-N clusters in largely sp 3 bonded C-N lattice. This conjecture is plausible considering the fact that many different forms of C-N polymers are expected to be stable at different pressures and the laser heating can result in heterogeneous multiple phases. Those include sp 3 -hybridized β-C 3 N 4 and cubic-C 3 N 4 predicted to be stable at high pressures, as well as sp 2 -hybridized graphite-like rhombohedral-C 3 N 4 energetically more stable at ambient and low pressures. On the other hand, the observed blue shift of the PL with increasing pressure may reflect higher stability of sp 3 C-N bonds at high pressure, which makes harder to produce nitrogen defects in the lattice and push up the defect states near the bulk energy states. At low pressures the sp 3 C-N lattice becomes unstable, creating more nitrogen defects (both vacancies and sp 2 clusters in origin) and eventually converting the C-N polymer into a phase analogous to heavily nitrogen-doped nano-diamonds. Therefore, it is likely that the large pressure enhancement of the PL intensity between 550 nm and 600 nm in Fig. 8(a) is due to emissions from relatively stable sp 2 C-N clusters. This is consistent with the PL spectra of carbon nitride thin films centered at ∼575 nm observed at ambient to 24 GPa.
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D. X-ray diffraction of TCNE at high pressure Figure 10 (a) shows x-ray result of TCNE up to 22 GPa. The x-ray diffraction pattern at ambient pressure confirms that TCNE sample is indeed a monoclinic phase; its peak positions and lattice parameters are all in excellent agreement with those of the previous neutron study. 2 For high-pressure diffraction data, we used XRDA 19 to determine the unit cell parameters, based on the primary lines of (101), (002) (021), and (022) and other minor peaks in each diffraction pattern. Then, we refined the lattice parameters in details using the Le Bail intensity fitting method 31 in GSAS. 18 The results indicate that under non-hydrostatic compression the monoclinic structure is maintained up to 22 GPa-the maximum pressure applied for the x-ray diffraction experiment. Note in Fig. 10(a) that above 14 GPa all diffraction peaks became rapidly broaden and weak and eventually smeared out with no apparent peaks at 22 GPa. This indicates a highly disordered nature of the C=N polymer formed above 15 GPa. Figure 10(b) shows the Le Bail intensity fitting of TCNE at 5 GPa according to the P2 1 /c space group with 2 molecules per unit cell. The resulting lattice constants are consistent with those of the previously determined monoclinic phase of TCNE. 2 In general, the P2 1 /c space group that has a screw axis along the c axis, is equivalent to P2 1 /n that has a glide plane along the diagonal direction. The P2 1 /n space group was previously used to fit TCNE structure; 2, 6 however, in the present study we have adopted P2 1 /c, so that the refined lattice angle becomes less than 120
• . More importantly, the P2 1 /c space group yields better correlations between lattice constants of the entire pressure data and thus produces more reliable refinement results. Figure 11 shows the fitted results of (a) the lattice parameters and (b) specific volumes of TCNE, based on the monoclinic (P2 1 /c) structure. The unit cell lattice parameters gradually decrease to 14 GPa while increasing pressure. Interestingly, there are only minute changes of the lattice constants (a, b, c and β) at pressures between 6 and 12 GPa, where TCNE undergoes the sluggish phase and chemical transformations in non-hydrostatic conditions. However, a more significant lattice change occurs above 14 GPa, especially on the a axis and the β-angle. This indicates a strong modification of crystal structure upon the polymerization. Yet, the poor quality of diffraction patterns hampers further analysis of crystal structure changes associated with the polymerization. Based on the monoclinic structure, the density of TCNE is found to increase from 1.35 g/cm 3 at ambient pressure to 1.96 g/cm 3 at 22 GPa, representing about 48% increase in density (Fig. 11(b) ).
IV. CONCLUSIONS
The present study demonstrates that high-pressure behaviors of TCNE strongly depend on the stress condition of the sample. For example, TCNE in a quasi-hydrostatic condition shows a relatively sharp phase transition at 10 GPa-the most characteristic evidence by an abrupt peak shift of symmetric stretching mode ν s (C≡N) at 2290 cm −1 . All Raman peaks remain strong across the phase transition at 10 GPa to 14-16 GPa, where TCNE irreversibly transforms into a polymeric solid. In contrast, in a non-hydrostatic condition TCNE rapidly loses all Raman intensities above 8-10 GPa, with an exception of the ν s (C≡N) peak, which remains to 14 GPa. These Raman results suggest that the transition at 10 GPa is shear-induced and occurs sluggishly to disordered solids over a large pressure region 7-10 GPa in non-hydrostatic conditions. The x-ray data indicate no apparent crystal structure change or volume discontinuity across the transition, signifying the shear-induced phase transition. The present Raman and x-ray data also indicate that the crystal structure of lowpressure phase TCNE is monoclinic (P2 1 /c) and it remains to be stable at least to 7-10 GPa or higher for high-pressure phase. Maintaining TCNE in quasi-hydrostatic conditions, no evidence was found for the previously suggested transitions to cubic or amorphous solids. [1] [2] [3] The high-pressure phase of TCNE is more reactive, both thermally and photochemically, and transforms into C=N polymers in a 2D layer structure evident from the broad ν s (C=N) stretching mode centered at ∼1600 cm −1 . As the phase transition strongly depends on the stress condition of the sample, the polymerization occurs over a broad pressure region between 8 and14 GPa in non-hydrostatic conditions, or a relatively small pressure region above 14-16 GPa in quasihydrostatic conditions. The C=N polymer appears to have no long-range order based on the x-ray data, but remains stable at least to 60 GPa-the maximum pressure applied in the present study and well into the stability field of the predicted 3D C-N network structures. [10] [11] [12] [13] The present study indicate a large activation energy barrier associated with the conversion of an sp 2 hybridized 2D C=N layered polymer to a 3D sp 3 C-N network as found in the graphite-to-diamond transition. The graphite-to-diamond transition, for example, has never been observed at its equilibrium pressure of ∼5 GPa without use of catalysis or seed. 32 The transition is typically observed at substantially higher pressures (for example, 100 GPa under shock 33 ) , and the graphite instead becomes structurally disorder above 5 GPa. 34 In fact, the present study shows that the CN polymer of TCNE becomes highly disordered upon compression to 50-60 GPa at ambient temperature, whereas laser-heating the CN-polymer above 25 GPa converts it to an optically transparent solid with a sharp vibron at ∼1350 cm −1 that can be considered either as the symmetric stretching mode of 3D C-N network or heavily nitrogen doped nano-diamonds.
The C-N polymer, on the other hand, appears unstable below 10 GPa, rapidly converting to high nitrogen containing nano-diamonds. This stems from (i) the rapid decrease of the ν s (C-N) vibron frequencies below 10 GPa in Fig. 6 and (ii) the emission lines at 690, 641, and 612 nm, arising from the point defects at the recovered product in Fig. 7 , (iii) the similarity in Raman spectra between the recovered C-N product and ∼30 nm grain size nano-diamonds in Fig. 5 , and (iv) the unusual pressure-induced blue shift of the broad PL band, about −1.38 nm/GPa from 644 nm at 30 GPa to 691 nm at ambient pressure in Fig. 8 , signifying the transition energy decreases as the C-N polymer becomes more defected upon pressure unloading. It is not know if the instability is due to large strains and defects surrounding the C-N polymer, as the laser-heating spot is highly localized. Nevertheless, the observed instability of the C-N polymer at low pressure may explain why it has been so challenge unambiguously demonstrating the presence of 3D C-N polymers widely predicted at high pressures.
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